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ABSTRACT 
This study demonstrates the importance of ventilation in an automated mine through climatic simulations. These have been 
performed on workings located at depths of 1000 m to 3000 m below surface in an underground metal mine. Each active working 
area employs either an electric or a diesel piece of equipment that has a full load power output of 100 kW to 200 kW. The 
airflows considered in the mining areas were standard full-flow conditions, i.e. 100% (6.5 m3/100 kW), and 125%,75%, and 50% 
of full-flow. 
The analyses show, for instance, that a 100 kW electric machine can increase the dry-bulb temperature in the working area 
at a 1000 m level, by 11.5°C (full flow) and 23.1°C (50% flow); at a 2000 m level, by 10.9 °C (full flow) and 21.9 °C (50% flow), 
and at a 3000 m level, by 10.4°C (full flow) and 20.6°C (50% flow). These relative changes are not affected by the full power 
output of an electric machine. The highest temperature observed for the electric machine was 58. 7°C at a depth of 3000 m and 
when only 50% flow is supplied. A I 00 k W diesel equipment producing 7 litre of water per litre of fuel consumed, or when about 
50% of the total heat load appears as a latent heat, results in dry-bulb temperatures only 0.5°C higher than these generated by the 
electric machine. However, when the water content of the exhaust drops from 7 to 3 litres/litre of fuel, the dry-bulb temperature 
would increase by 7°C at full flow and 12°C at 50% flow. The highest temperature observed for the diesel machine was 71 °C. 
In this situation the worker mean skin temperature can increase to 15°C above the limit value, while the relative humidity may 
reach a value as low as 16%. 
Overall, through climatic prediction, the analyses show the continued importance ventilation in an automated mine. This is 
because of the heat from the machinery and the operational temperature limits of such machinery. Such elevated temperatures 
could also affect the operation of on-board guidance, sensors and image systems of remote-operation and automated mining 
equipment. Therefore it cannot be assumed that reduced airflow requirements would be the natural result of removing humans 
· from an automated mine. 
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INTRODUCTION 
In the near future extraction methods in surface and subsur-
face mines can be expected to change through the develop-
ment and introduction of automation and information technol-
ogy. Telecommunication systems, new remote and automated 
machines, on-machine positioning, machine monitoring and 
control are now frequently applied. Robotic mining systems, 
similar to those used today in automated manufacturing 
factories, will be soon used in mining as well. Such techno-
logical advances will change the way in which mines are 
designed, not only in regard to the extraction methods, but 
also such support infrastructure as their ventilation systems. 
In this study it has been assumed that due to automation 
and a result of no humans being present in the underground 
mining areas, that the standard required airflow for humans in 
a diesel environment will no longer be valid. To investigate 
this, climatic simulations have been used to evaluate "new" air 
quantity standards. These have been performed on working 
areas located in a deep metal mine, at depths from I 000 m to 
3000 m below surface. Each active working employs either an 
electric or a diesel piece of equipment having full load power 
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output in the range of 100 kW to 200 kW. For comparison 
purposes, a 100% (full flow) airflow of 6.5 m3/s per 100 kW 
102.7 cfm/hp) has been used as the baseline to ventilate the 
workings. Air quantities of 125o/o, 75o/o, and 50% were then 
evaluated through the climatic prediction of their resultant 
thermal conditions in the workings. 
All climatic simulations were performed using the 
CLIMSIMTM for Windows Version 1.0 program developed by 
the Mine Ventilation Services, Inc. 
INPUT PARAMETERS 
Figure 1 shows the average predicted wet-bulb (WB) and dry-
bulb (DB) air temperatures and the virgin rock temperature as 
a function of depth in an intake shaft for a typical mine in the 
Sudbury basin. The temperature of the air delivered under-
ground by the shaft has been predicted based upon a local 
geothermal gradient of the rock ( 44 rnf>C) and surface tem-
peratures of 14°C wet-bulb and 18°C dry-bulb. These values 
represent the average temperatures over the 200-day non-
heating period in area. The fresh air supply ranged between 
100 m3/s to 350 m3/s, and was delivered underground by a 
vertical shaft of 6-9 m diameter, having friction factor of 0.01 
kg/m3 and the wetness factor of 0.25. The results shown in 
Figure I constitute the initial conditions at the intake to a 
working section. 
To define the primary rational heat index, the worker mean 
skin temperature, it has been assumed that a worker will wear 
a long sleeve coverall and a long sleeve shirt. This clothing 
has a thermal resistance of0.143. An area factor of 1.28 and 
a metabolic heat production of 245 W/m2 have also been used. 
The data that is less certain includes the following: drift 
area= 16m2; perimeter= 16m; friction factor= 0.01 kglm3; 
wetness = 0.25; age in = 1000 days; age out = 950 days; 
thermal conductivity= 4 W/m°C; thermal diffusivity = 2x10-6 
m2/s; diesel utilisation= 75%; electric machine utilisation = 
1 00%; and a diesel water emission rate = 7 litres of water per 
litre of fuel consumed. 
ESSENTIAL OUTPUTS 
The climatic condition in places utilising power equipment is 
evaluated based on the peak wet-bulb and dry-bulb tempera-
tures. These peak temperatures are related to the depth, type 
of equipment applied, and the rated power of the machines. 
The worker mean skin temperature (MST) is used as a 
measure of the heat index and compared to that called a mean 
skin temperature limit value (MSTL V). The MST represents 
the skin temperature at the equilibrium point between the 
worker metabolic heat production and air-cooling effects 
while the MSTL V provides a 1 in 1 million chance that the 
core temperature of a worker will exceed 40°C. Both mean 
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Figure 1. The input psychrometric data. 
RESULTS 
In all the simulations the working areas have been located in 
a 50 m long horizontal drift. The age in is 100 days while age 
out is 75 days. The intake psychrometric conditions are those 
indicated in Figure 1. The area is 16 m2 and the perimeter is 
16 m. The maximum temperatures within a working are 
observed The remaining input data, such as the thermal 
properties of rock and the friction factor, are the same as those 
used to determine the psychrometric conditions at different 
depths. 
Electric Equipment 
An electric machine was always located 10 m from the entry 
with rated powers of 100 kW, 150 kW, and 200 kW. As these 
electric machines are assumed to be 1 00% efficient and are all 
time operating at the full load power output, a 100% utiliza-
tion value has been used. The standard full-flow 100% airflow 
conditions are 6.5 m3/s for a 100 kW, 9.75 m3/s for a 150 kW, 
and 13.0 m3/s for a 200 kW machines. Table 1 indicates the 
wet-bulb, dry-bulb, and mean skin temperatures predicted for 
the varying sensible heat source and workings located at a 
depth between 1000 m and 3000 m. 
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Table 1. Effect of the electrical heat source, airflow, and depth on the climatic conditions in a working place. 
Electric Heat kW, Utilization: 100%, 100% Flow: 6.5 m3/s/100 kW, MSTLV: 34.45°C 
Wet-Bulb, °C Dry-Bulb, °C MST Temperature, °C 
Depth Airflow 
m % 100kW 150kW 200kW 100kW 150kW 200kW 100 kW 150kW 200kW 
125 21.93 21.90 21.88 34.11 
100 22.66 22.63 22.61 36.44 
1000 
75 23 .85 23.82 23.80 40.30 
50 26.11 26.05 25.98 48.07 
125 26.42 26.29 26.22 40.20 
100 27 .1 1 26.95 26.88 42.41 
2000 
75 28.19 28.02 27.92 46.05 
50 30.17 29.97 29.87 53.38 
125 30.86 30.65 30.55 46.63 
100 31.51 31 .26 31.14 48.47 
3000 
75 32.53 32.24 32.09 51 .79 
50 34.43 34.06 33.87 58.70 
From Figure I and Table 1 it can be seen that each electric 
machine increases the dry-bulb temperature in a stope at full 
flow by 11 .5°C at 1000 m, by 1 0.9°C at 2000 m, and by 
10.4°C at 3000 m levels. These relative changes are not af-
fected by the rated power of the equipment as long as a full 
flow of ventilating air is supplied. 
Figure 2 illustrates the maximum dry-bulb temperatures 
encountered in working areas at the different depths and 
ventilated by either increased or reduced airflows. These 
maxima are commonly located 1 0 metres downstream of the 
machine. Figure 2 shows the temperature at I 000 m level 
increases by 3.9°C at 75% and by 11.6°C at 50% of the stan-
dard full-flow. Conversely, a 25% flow increase will reduce 
the temperature in workings by 2.3°C. The highest dry-bulb 
temperature predicted was 58.7°C at a depth of 3000 m and 
when only 50% flow is supplied. 
Figure 3 shows that a 100 kW electric machine at the 1000 
m level increases the wet-bulb temperature in a stope by 4°C 
at full flow, by 5.1 °C at 7 5% flow, and by 7.4 °C at 50% flow. 
There is a clear tendency showing a temperature decrease as 
the flow increases and a significant temperature increase with 
depth. 
The change in wet-bulb temperature in one particular stope 
is only slightly affected by the amount of rated power applied. 
34.09 34.07 34.46 34.36 34.29 
36.41 36.39 34.62 34.53 34.46 
40.28 40.26 35 .24 34.99 34.78 
47.99 47.26 37.76 37.56 37.40 
40.09 40.03 37.30 36.85 36.53 
42.26 42.19 38.15 37.73 37.42 
45 .88 45.78 39.42 39.04 38.76 
53.08 52.97 41.73 41.41 41.19 
46 .08 45.98 41.69 41.15 40.78 
48.11 47.99 42.54 42.00 41.63 
51.50 51 .34 43.78 43 .26 42.90 
58.23 58.02 45 .93 45.44 45.11 
The highest deviation of 0.5°C is observed at a depth of 3000 
m and 50% flow where the wet-bulb temperature approaches 
its maximum value of 34.4°C. In all cases indicated in Table 
1 the wet-bulb depression is in the range from 22 to 24°C. The 
relative humidity decreases typically by 26% and can reach a 
value as low as 16%. 
100 kW electric equipment 
60 
······· -tr-1000m 
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Figure 2. Dry-bulb temperature in a stope. 
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Figure 3. Wet-bulb temperature in a stope. 
Figure 4 shows that the mean skin temperature is very 
high, sometimes 12°C higher than the limiting mean skin 
temperature of 34.45°C which corresponds to the assumed 
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Figure 4. The mean skin temperature. 
Diesel Equipment 
A diesel machine was located in a working place, 10 m from 
its entry. Its full power rating varied in the range from 100 kW 
to 200 k W and percentage utilization of 7 5% is assumed. An 
airflow of 6.5 m3/s per each 100 kW of mechanized equipment 
was considered as the standard. This represents a typical value 
presently used in underground deep metal mines. Thus, air-
flows of 9.75 m3/s and 13.0 m3/s are needed for a 150 kW 
machine an 200 kW machine, respectively. The diesel 
machine has oeen assumed to emit 7 litres of water per litre of 
fuel consumed. Table 2 contains calculated results, the wet-
bulb, dry-bulb, and mean skin temperatures for several differ-
ent conditions. 
Figure 5 illustrates the maximum dry-bulb temperature in 
a working place. These peaks are usually located within 10 m 
downstream the machine. At the depth of 1000 m the tem-
perature increases by 4°C when the flow is reduced to 75% 
and by 12°C when the flow is only 50% of the standard. A 
flow increase of 25% will result in a drop of 2.4°C. These 
changes are not affected by the full power rating but they 
slightly decrease with depth. 
Table 2 shows also that the diesel equipment increases the 
wet-bulb temperature in the stope at full flow by 7.5°C at 1000 
m, by 6.5°C at 2000 m, and by 5.8°C at 3000 m levels. 
Figure 6 illustrates a final wet-bulb temperature in work-
ings located at different levels and ventilated by a reduced or 
an increased airflow. These relative changes are also not 
affected by the rated power of the equipment. The highest 
wet-bulb temperature of39°C was observed at a depth of3000 
m and when only 50% flow is supplied. In the cases indicated 
in Table 2 the wet-bulb depression varies in the range from 9.6 
to 16.8°C. A diesel machine decreases the relative humidity in 
the range from 10% to 25%. The lowest relative humidity is 
most likely be less than 25%. 
Figure 7 shows that the mean skin temperature is always 
very high, sometimes 14.4°C higher than the limiting mean 
skin temperature of34.45°C for the assumed work activity and 
the amount of clothing worn. 
Exhaust Water 
In general, the heat energy transferred to the air by diesel 
equipment is in the forms of sensible and latent heat. The 
amount of water emitted per litre of fuel consumed governs 
how much of the total heat will constitute the latent heat load. 
According to (McPherson, 1993; MVS, 1997) this value is 
normally 3 to 10 litres/litre and depends upon the design of the 
diesel, method of cooling, exhaust emission control devices, 
and quality of maintenance. At 3L/L the latent heat constitutes 
only 28o/o while at 7L/L this value approaches 50% of the total 
heat. Table 3 and Figure 8 illustrate the effect of the water/fuel 
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ratio on the wet-bulb, dry-bulb, and the worker mean skin 
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Figure 5. Dry-bulb temperature in a stope 
Table 2. Effect of a diesel equipment, airflow, and depth on the climatic conditions in a working place. 
Diesel Equipment: kW, Utilization:75%, 100% Airflow:6.5 m3/s/100 kW, 7litres of water/litre of fuel, MSTLV:34.45°C 
Wet-Bulb, °C Dry-Bulb, °C MST Temperature, °C 
Depth Airflow 
m % lOOkW 150kW 200kW lOOkW 150kW 200kW lOOkW 150kW 200kW 
125 24.96 24.94 24.93 34.52 34.49 34.48 34.87 34.56 34.70 
100 26.31 26.29 26.27 36.94 36.91 36.89 36.17 35 .89 35.67 
1000 
75 28.41 28.39 28.37 40.95 40.93 40.90 38.15 37.92 37.73 
50 32.17 32.12 32.10 48.98 48.90 48.89 41.69 41.50 41 .36 
125 28 .81 28.88 28.82 40.63 40.51 40.45 38.96 38.54 38.24 
100 30.20 30.07 30.00 42.93 42.78 42.71 40 .15 39.76 39.47 
2000 
75 32.07 31 .94 31 .86 46.74 46.57 46.46 41.93 41.59 41.34 
50 35.39 35 .24 35 .17 54.36 54.06 53.94 45.16 44.87 44.67 
125 33.05 32.86 32.77 46.91 46.55 46.41 43.12 42.61 42 .26 
100 34.15 33.94 33.82 49.06 48.66 48.52 44.25 43.75 43.41 
3000 
75 35.87 35 .62 35.49 52.50 52.21 52.04 45.95 45.48 45.14 
50 38.95 38.65 38.50 59.73 59.25 59.03 48.90 48.46 48.17 
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Figure 6. Wet-bulb temperature in a stope. 
Table 3. The effect of water emitted per litre of fuel consumed. 
Diesel Equipment: 150 kW, Utilization: 75%, 100% Airflow: 9.75 m3/s, 50% Airflow: 4.875 m3/s, MSTLV: 34.45°C 
Wet-Bulb, °C Dry-Bulb, °C MST Temperature, °C 
Depth Airflow 
m % 3L/L 5L/L 7LIL 3 L/L 5L/L 7L/L 3L/L 5L/L 7L/L 
1000 100 26.35 26.32 26.29 44.02 40.46 36.91 36.84 36.36 35 .89 
50 32.28 32.20 32.12 63.13 56.00 48.90 43 .28 42.38 41.50 
2000 100 30.08 30.08 30.07 49.25 46.01 42.78 40.56 40.13 39.76 
50 35.29 35 .24 35.24 66.99 60.51 54.06 46.49 45.67 44.87 
3000 100 33.95 33.94 33.94 54.54 51 .59 48.66 44.44 44.09 43.75 
50 38.66 38 .66 38.65 71.02 65.13 59.25 49.82 49.08 48.46 
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The climatic conditions in workings located at a depth from 
1000 m to 3000 m have been analysed. Each working place 
utilized either an electric or a diesel piece of equipment. The 
heat realised from an electric machine was varied in the range 
from 100 kW to 200 kW while the heat energy transferred to 
the air by a diesel machine in the form of sensible heat and 
latent heat ranges was from 210 kW to 430 kW. The airflow 
varied between 125%, 100%, 75%, and 50% of the standard 
quantity prescribed by provincial regulations. 
The input data required by CLIMSIM for Windows pro-
gram were determined with some confidence, based on local 
mine database, but some parameters were determined arbitrar-
ily assuming a reasonable degree of practicality. For instance, 
a standard airflow of 6.5 m3/s per 100 kW (102.7 cfmlhp) of 
full load power output is commonly required to ventilate the 
workings. The psychrometric conditions at a stope entry were 
calculated using mean atmospheric data that represents a non-
heating period in the local area. The parameters that are less 
certain include the ages, the airway dimensions, and the 
thermal properties of rock. 
Final analysis includes the wet-bulb, dry-bulb, and mean 
skin temperatures . It is believed that these parameters will 
most likely prevail in predicting climatic conditions for fully 
or partially automated underground mines. It was observed: 
• A 100 kW electric machine increased the dry-bulb tem-
perature in a stope by 11.5°C (full flow) and 23 .1 °C (50% 
flow) at 1000 m, by 10.9°C (full flow) and 21.9°C (50% 
flow) at 2000 m, and by 10.4°C (full flow) and 20.6°C 
(50% flow) at 3000 m levels. These relative changes were 
not affected by the amount of rated power of the equip-
ment. The highest dry-bulb temperature of 58.7°C oc-
cured at a depth of 3000 m and when only 50% flow was 
supplied. 
• A 100 kW diesel machine increased the dry-bulb air 
temperature in a stope located at a depth of 1000 m by 
12°C at a full flow, by 16°C at 75%, and by 24 °C at 50% 
of full flow. A 25% increase in airflow resulted in a re-
duced temperature increase of 9.6°C. These increases 
were marginally affected by the full load power output 
but they slightly decreased with depth. The highest dry-
bulb temperature of 59.7°C was observed at a depth of 
3000 m and when only 50o/o flow is supplied. 
• The worker mean skin temperature in stopes located at 
1000 m below surface for a 100 kW electric equipment 
already approached the limit value of 34.5°C at full flow, 
and is equal to 37.8°C at 50% flow. It reached values of 
38.1 °C (full flow) and 41.7°C (50% flow) at 2000 m or 
42.5°C (full flow) and 46 °C (50% flow) at a depth of 
3000 m. The MST was only 0.8°C lower when a 100 kW 
machine replaced a 200 kW unit in a stope located at a 
depth of3000 m and ventilated by 6.5 m3/s airflow (50% 
flow). The sensible heat from an electric equipment can 
decrease the relative humidity by 26%, reducing it to a 
value as low as 16%. 
• A diesel equipment generates an MST approximately 
3.5°C higher than an equivalent electric machine when 
about 50% of total diesel heat load appears as a latent 
heat or when about 7litres of water/litre of fuel consumed 
is emitted in its exhaust in form of a water vapour. Here, 
the sensible heat load could decrease the relative humidity 
by 10% to 25% and the lowest relative humidity could 
then be less than 25%. 
• A reduction of water in the diesel exhaust from 7 to 3 
litres/litre of fuel decreases the latent heat from 50% to 
28%. Such a change causes a significant deterioration of 
the climatic conditions in workings at all depths. The wet-
bulb is not affected by this change, but the dry-bulb tem-
perature will additionally rise by approximately 7°C (full 
flow) and 13°C (50% flow). The MST increases too but 
only slightly. Here, the highest dry-bulb temperature of 
71 °C were observed at a depth of 3000 m and when only 
50% flow is supplied. 
CONCLUSION 
In workings located at or below 1000 m from surface and 
ventilated by 100% airflow (6.5 m3/s per 100kW full load) a 
100 kW electric machine increases the dry-bulb temperature 
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by approximately 11 °C. An equivalent diesel machine in-
creases the temperature by l2°C. These relative changes are 
not affected by the full load power output but they decrease 
slightly with depth. 
A 25% reduction in airflow causes an additional increase 
in the dry-bulb temperature by about 3.5°C in workings 
utilizing electric equipment and by 4 °C in workings using 
diesel equipment. 
A 50% reduction in airflow further deteriorates the thermal 
conditions in workings to a level that would no longer be 
tolerated by some mining equipment. For instance, a 150 kW 
electric machine increased the dry-bulb temperature by more 
than 20°C at all levels. At the 3000 m level the dry-bulb 
temperature reached 60°C. An equivalent diesel equipment 
additionally increased the temperature by one degree centi-
grade when the machine heat load splits equally among the 
latent and sensible heat. When 70% of diesel heat appears as 
sensible heat, the increase in dry-bulb temperature could be as 
high as 33°C, that is, 13°C greater than corresponding increase 
of an electric unit. These relative changes were not affected by 
the full load power output but again they slightly decreased 
with a depth, especially when diesel equipment is used. 
A 25% increase in airflow resulted in temperatures 2°C 
lower than that generated by mining equipment at full airflow. 
In workiilgs located at or below 1 000 m level and utilizing 
necessary tor production equipment the worker mean skin 
temperature (MST) exceeds its limit value, that is, 34.5°C. The 
MST is highly affected by depth and airflow. Temperatures 
above 45°C were commonly predicted. 
The amount of water emitted by a diesel machine plays an 
extremely important role. A reduction of water in the diesel 
exhaust from 7 to 3 litres of water/litre of fuel consumed 
decreased the latent heat load from 50% to 28%. This reduc-
tion deteriorated the climatic conditions in workings at all 
depths significantly. The wet-bulb was not affected by this 
change, but the dry-bulb temperature additionally rose by 
approximately 7°C (full flow) and 13°C (50o/o flow). The MST 
then increased by less than 2°C. The highest dry-bulb tem-
perature of 71 °C was observed at a depth of 3000 m and when 
only 50% flow is supplied. 
Overall, the climatic analyses presented here show the 
continued importance ventilation in an automated mine. 
Removing operating personnel from underground working 
locations does not negate the need for ventilation. The ex-
tremely elevated temperatures predicted at 2000 m and 3000 
m depths could affect the operation of on-board guidance, 
sensors and image systems of remote-operation and automated 
mining equipment. Under such scenarios where greater than 
standard prescribed amounts of air are required it becomes 
increasingly important that ventilation systems are efficient 
and that air is only being supplied when required. 
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ABSTRACT 
Large seasonal variations in the temperature of the ventilating air in mines in the arctic cause changes in the original ther-
mal field through heat and mass exchanges between the air and the surrounding medium. These thermal interactions have 
major influence on climatic quality as well as on the stability of the mine openings. 
Thawing of walls and roof in mine airways can be reduced by various types of thermal-insulation. Application of ther-
mal-insulation prevents deep thawing of the rockmass surrounding an airway. In this case, the mechanism of heat transfer 
around a frozen, underground airway would be much different. A model of heat transfer in a deep, partially insulated air-
way has been developed and analyzed using finite element methods. 
Results of the analysis show that without any thennal control, there will be stable change in temperature around the 
mine airway. With different insulations on the walls of the airway, roof thawing can be reduced and in certain cases, com-
pletely eliminated. 
KEYWORDS 
Heat Transfer, Airway, Heat Exchange, ABAQUS, Thawing, Permafrost, and Finite Element Method. 
INTRODUCTION 
The nature and intensity of heat exchange between the air 
and the walls of an underground mine in permafrost are 
functions of a number of independent variables, including 
the thermal properties of the permafrost and air, the veloc-
ity and distribution of air stream, the size and cross-section 
of the airway, the ice content and the temperature of the 
permafrost, the temperature and moisture content of the 
ventilation air, time of ventilation, and methods of thermal 
regime control. 
Permafrost, by definition, is any soil that has been 
continuously frozen for at least two years. The physical 
characteristics of permafrost vary with soil type, moisture 
content, and temperature. 
Large seasonal variations in the temperatures of the 
ventilating air cause changes in the original thermal field 
around a mine airway, through heat and mass exchange 
between the air and the surrounding medium. This is espe-
cially true in the summer, when the temperatures between 
the air entering the mine is far above the freezing point of 
water, causing thawing of the ice contained in · the sur-
rounding rock. In the winter, in order to avoid icing up of 
the intake airway and to protect mine workers from cold 
air, the intake air is often heated, and the velocity of the 
heated air must be kept fairly high. The most complex 
problem is insuring stability of the roof when underground 
operations are performed in "warm" permafrost with a 
temperature of ooc to -2°C. When the permafrost is warm 
temperature passing of heated ventilation air through the 
underground workings invariably establishes a thermal 
stream between the ventilating air and the surrounding 
rock, and this leads to a general increase in the temperature 
of the frozen ground and to a decrease in its ice content. 
These thermal interactions have major influence on cli-
matic quality as well as on the stability of the mine open-
ings (Bandopadhyay, et al., 1996). 
The thawing of walls and roof in mine airways can be 
reduced by various types of thermal-insulation. Application 
of thermal-insulation prevents deep thawing of the rock-
mass surrounding an airway. Analysis of the effectiveness 
of various types of thermal-insulation, and optimum thick-
ness which will reduce the heat exchange between the ven-
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tilation air and the surrounding rockmass (Bandopadhyay, 
et al., 1997), is presented in this paper. 
MODELLING OF HEAT TRANSFER IN DEEP MINE 
AIRWAYS 
A physical model of heat transfer processes between venti-
lating air and the frozen rockmass around a mine opening 
that undergoes periodic freezing and thawing can be de-
scribed as follows: temperature of the ventilating air (Ta) 
changes along the length of the aitway (z) of the opening 
and time (t) as a result of the heat and mass exchange with 
the frozen rockmass. The heat exchange between the ven-
tilating air and the rockmass takes place at changing rate 
and periodically alternates its direction. The temperature 
of the rockmass (T g) changes with time and with increasing 
distance from the surface of the mine opening, and as well 
as along the airway length (Bandopadhyay and Zhang, 
1990). 
Temperature regime of rockmass and intensity of heat 
conduction, depth of thawing and freezing can be deter-
mined based on the thermo-physical properties of rock, its 
ice content, initial characteristics of temperatures, and the 
initial heat regime of the mine. The mathematical formula-
tion of heat conduction problems involving phase change 
can be expressed by the "Stephan Equation" is as follows: 
o or 8 or o IJr 
-(k -)+-(k -)+-(k -) it xa.: 0' yq; a za 
or 
+a0Q = [pCP + L8(T- fa)]a (1) 
The temperature, T in Equation ( 1) is the single value 
unknovm function of temperature at any point (x, y, z) at 
any time t; Q is the rate of heat generation per unit volume; 
Clo is the coefficient of heat dissipation; kx, ky and kz are 
anisotropic thermal conductivities; Cp is the specific heat; p 
is the density; L is the latent heat of phase change; and 
8 (T-T a) is the Dirac Delta function: 
y~O 
y<O 
In general, the parameters kx, ky, kz. Q, p and Cp in 
Equation ( 1) may be functions of time, either through a 
dependence on local temperature or through a change in 
local material (thawed or frozen) state or condition with 
time. The ao is a constant. 
In Equation ( 1 ), the first set of terms accounts for 
thermal conduction due to temperature gradients while the 
second set represents the heat source (or sink) due to ice-
water phase transition. 
There are two specific heat sources which impose some 
degree of impact on the thermal regime around a shallow 
mine airway. One is the heat mass in the ventilating air, 
the other is due to the seasonal air temperature variations 
on the surface. When a mine airway is excavated in frozen 
ground at a considerable depth, temperature fluctuations of 
air on the surface may not have any significant influence on 
the surrounding rockmass of the airway (Bandopadhyay, et 
a/., 1998). Most parts of the ventilation airways for deep 
underground placer mines will be located at a considerable 
depth in the frozen ground. Therefore, the analysis of un-
steady heat transfer with fixed temperatures and insulated 
boundary conditions is a more general situation in predict-
ing and analyzing the temperature redistribution of the 
rockmass surrounding a mine airway. 
HEAT TRANSFER IN DEEP MINE UNINSULATED 
AIRWAY 
A specific application of the general heat transfer equation 
is determined by specifying the geometry, the boundary 
conditions, the physical properties, and the initial condi-
tions. In this study, the geometry of the selected mine air-
way is a rectangular opening (3 m x 2 m). The problem 
domain selected for the analysis is also a rectangular area 
(11.5 m x 27m) located at a considerable depth in the fro-
zen ground (Figure 1). Base on the domain defined before, 
the boundary conditions for heat transfer most often con-
sidered are: 
The initial condition: 
T(x,y, t~ t=o =To' (2) 
The boundary conditions: 
(1) On the inside wall 'A-B', the convective boundary is 
defined as: 
b 0 <X <....l 
2 
(3) 
(2) On the inside wall 'B-C', the convective boundary is 
defined as: 
IJI' 
-K-
a 
(4) 
